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ABSTRACT OF THE THESIS 
 
A Comparative Microbial Composition Assessment of Stormwater, 
Urban Runoff and Wastewater 
 
by 
Rose Syomiti Mutiso 
Master of Science, Graduate Program in Biology 
Loma Linda University, December 2017 
Dr. Ryan G. Sinclair, Chairperson 
 
The goal of this study was to compare two methods for assessment of fecal 
indicator bacteria (FIB) in urban runoff (n = 96), stormwater (n = 8), and wastewater (n = 
16). We quantified the densities and reductions of E. coli and Enterococcus, in raw 
stormwater, treated urban off from the Santa Monica Urban Runoff Recycling Facility 
(SMURRF) and wastewater from the Eastern Municipal Water District’s (EMWD) 
Moreno Valley water reclamation facility. We compared the overall FIB recovery 
efficiency by two varieties of USEPA-approved, culture-based laboratory methods in 
each type of water. The two types of methods were the IDEXX Quanti-Tray technique 
and the USEPA membrane filtration methods 1603 and 1600. All results showed the 
expected reduction of FIB densities across treatment processes. Among the raw influent 
water, the FIB in urban runoff had the lowest FIB density, followed by the stormwater, 
with the highest densities in the wastewater. We used the Wilcoxon signed rank test to 
compare recovery efficiency of the membrane methods versus the IDEXX methods. The 
IDEXX methods detected significantly higher levels in the raw stormwater, and in all 
treatment stages of tertiary-treated wastewater and of urban runoff, except in the raw 
urban runoff, where the USEPA method 1603 detected a higher density. 
 1 
CHAPTER ONE 
INTRODUCTION 
Goal: To generate data and criteria that could be used as a tool to assess the presence of 
Fecal Indicator Bacteria (FIB) in treated urban runoff and tertiary treated 
wastewater, to evaluate the effectiveness of the treatment process, and formulate 
guidelines to assess the microbial quality of alternative water sources (AWS). 
Objective 1: To quantify the density, and reductions of E. coli, and Enterococcus, in 
stormwater, and across treatment stages of both treated urban runoff and tertiary-
treated wastewater. 
Objective 2: To compare the overall FIB recovery efficiency by two varieties of 
USEPA-approved laboratory methods in treated urban runoff, stormwater, and 
tertiary-treated wastewater. 
Significance Statement 
Evaluating the microbial quality of recycled water before discharging it into 
receiving waters or augmenting it for non-portable uses is necessary, in order to protect 
both public and ecological health. The significance of this project is that it presents 
quantitative density of FIB in both raw and treated urban runoff, and in tertiary treated 
wastewater. The study could aid in evaluating the relative efficiency of alternative 
methods for monitoring FIB in these alternative water sources (AWS). Additionally, our 
study can be used to evaluate the effectiveness of the treatment process, and determine 
the extent to which AWS should be treated prior to being used for non-potable uses. The 
study also informs the feasibility of using a small decentralized municipal water 
treatment facility like the SMURRF to supply commercial buildings with treated urban 
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runoff as an AWS. Lastly, the findings of this study could contribute to the development 
of standards on the county, state and/or municipal levels, as there are currently limited 
state codes that regulate the storage, treatment and use of treated urban runoff (Bitton, 
2005). 
 
Background 
Several microbial monitoring methods are used to evaluate the quality of urban 
runoff and wastewater. Many studies have evaluated the IDEXX Quanti-Tray technique 
for its ability to accurately detect E. coli, and Enterococcus bacteria for drinking (Bain et 
al., 2015), and recreational waters (Budnick et al., 2001, 1996; Eckner, 1998). However, 
data on the use of the IDEXX Quanti-Tray technique for detecting fecal indicator bacteria 
in treated urban runoff are limited (Bitton, 2005). 
Our study seeks to fill that gap by comparing the growth efficiency of FIB by the 
IDEXX Quanti-Tray technique to the United States environmental protection agency 
(USEPA) membrane filtration methods; 16003, and 1600 for detecting FIB in both 
treated urban runoff and stormwater, as well as FIB in wastewater. If the IDEXX Quanti-
Tray methods prove to be more efficient, they could represent a more cost and time 
efficient solution for water recycling facilities, because they are relatively simple, not 
labor intensive, and less expensive compared to the filtration methods, that are commonly 
used (Budnick et al., 1996, 2001). 
Urban runoff is known to contain high numbers of fecal indicator bacteria (FIB) 
as well as enteric pathogens, and therefore any captured stormwater requires thorough 
treatment before being used (Sidhu et al., 2012). The presence of fecal contamination in 
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stormwater runoff is a potential public health hazard, especially if the receiving water 
bodies are used for recreational purposes, gardening, or landscape irrigation (Parker et al., 
2010; Sauer et al., 2011). Widespread use of stormwater by the public is hindered by the 
reported relationships between the incidences of storm events, and increases in the 
outbreak of waterborne diseases (Curriero et al., 2001; Gaffield et al., 2003). For this 
reason, there is great need to characterize the presence and loads of pathogens in 
receiving water (Sidhu et al.,2012) especially during and after storm events. Such 
characterizations would enable health officials to take the necessary measures to reduce 
potential health effects associated with fecal pollution in stormwater, and better evaluate 
the extent to which stormwater would need to be treated prior to its use as an alternative 
source of water.  
Several studies (Cizek et al., 2008; Hamza et al., 2009; Muscillo et al., 2008; 
Noble et al., 2006; Rajal et al., 2007; Sercu. et al., 2009) based on the presence of 
pathogens of concern to human health in urban stormwater runoff, have reported elevated 
numbers of viruses, bacteria, and protozoa, and concluded that there is potential sewage 
pollution in stormwater, and its receiving surface waters. These conclusions are further 
supported by Sidhu et al., (2012), who reiterate that both human adenovirus and 
polyomavirus, imply potential human fecal contamination, given that these viruses are 
reportedly present in high numbers in wastewater (Bofill-Mas et al., 2006). Other 
pathogens of concern are Campylobacter jejuni, Campylobacter coli, and Salmonella 
enterica, which were reported to be in high concentrations in a study with samples 
collected during wet and dry weather events (Sidhu et al., 2012). Stormwater runoff has 
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been cited as one of the most common forms of non-point source pollution (Hathaway 
and Hunt, 2011), especially in the contribution of FIB into receiving sources.  
Additionally, other studies (Curriero et al., 2001; Gaffield et al., 2003; Noble et 
al., 2006; Sercu et al., 2009) have indicated that stormwater is a likely threat to both 
human and ecosystem health due to its high levels of biological and chemical pollutants, 
such as pesticides, metals, sediments, human and animal fecal wastes, indicator bacteria, 
and pathogens. Most of these pollutants end up in receiving surface waters, and therefore 
it is critical to understand the composition of the resultant runoff in order to effectively 
manage the potential human and ecological health risks associated with stormwater 
runoff (Sidhu et al., 2012). Based on epidemiological studies, recreational waters 
receiving raw-urban runoff serve as a major route of exposure to human pathogens 
(Parker et al., 2010). It has been established that a strong relationship exists between the 
occurrence of urban runoff and the onset of illness (Prüss, 1998). Additional studies 
support Pruss’s statement by suggesting that people who swimming in fecal-
contaminated waters have an increased risk of contracting gastrointestinal disease, 
respiratory, ear, eye, and skin infections, meningitis, and hepatitis (Cabelli, 1983; Corbett 
et al., 1993; USEPA, 2002a, 2002b). For this reason, treating stormwater runoff may 
decrease loads of viral, bacterial, and protozoan pathogens in recreational waters, 
improving water quality and protecting public health (Sidhu et al., 2012). 
There are several sources of fecal contamination in urban storm runoff routes 
(Gaffield et al., 2003; Noble et al., 2006; Rajal et al., 2007). These include:raw sewage 
from waste treatment facilities, seepage from malfunctioning septic tanks, leaking sewer 
systems, animal feeding operations, agricultural runoff, raw urban runoff, disposal of 
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human waste from boats, and bathers. Human enteric pathogens can find their way into 
stormwater, and subsequently surface water. 
In 2014, the state water resource control board in California updated the titles 17 
and 22 California code of regulations which authorized the use of disinfected tertiary 
recycled wastewater for irrigation of parks, playgrounds, school yards, residential 
landscaping, and unrestricted access golf courses. According to the title 22, the median 
concentration of total coliform bacteria in the disinfected tertiary recycled water should 
not exceed the most probable number (MPN) of 2.2 per 100ml. Additionally, title 22 
authorized the use of disinfected secondary recycled wastewater for irrigation of 
cemeteries, freeway landscaping, and restricted access golf courses (California State 
Water Resource, 2014). However, these regulations did not provide the limits of E. coli 
and Enterococcus in treated urban runoff. To address this lack of regulation, we aim to 
generate data that are used to set up microbiological safety guidelines of treated urban 
runoff that may be used for non-potable purposes. Additionally, our study will provide 
data that may serve as a preliminary assessment of the applicability of the IDEXX 
Quanti-Tray technique in the evaluation of FIB in recycled runoff. 
 
Previous Studies 
Several studies (Chao et al., 2004; Griffith et al., 2006) have compared the 
efficiency of IDEXX Colilert and Enterolert tests to standard methods, such as membrane 
tube fermentation (MTF), and membrane filtration (MF) methods, in terms of their 
specificity, sensitivity, and ability to recover FIB densities in fresh and marine water. 
These studies concluded that there was no statistically significant difference between the 
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IDEXX Quanti-Tray technique and the standard methods. On the other hand, a number of 
studies, (Eckner, 1998; Elmund et al., 1999; Ferguson et al., 2013; Bushon et al., 2015) 
have found some inconsistencies between the methods’ results, leading to the conclusion 
that the IDEXX Quanti-Tray technique produces different results compared with the 
standard filtration methods (MF, MTF). 
Griffith et al., (2006) compared MF, MTF and chromogenic substrate (CS) 
methods, and found both the enterococci and fecal coliforms results were generally 
comparable across the three methods. The confirmation tests by Griffith et al., (2006), 
found the CS method had a 9% false positive rate and a 4% false negative rate for the 
Enterococcus, yet they noted these errors were small and may have resulted from 
variability of the laboratory setting where the studies were conducted.  On the other hand, 
the CS underestimated the MF and the MTF by 10 %, a discrepancy the authors attributed 
to the fact that CS only measures E. coli, compared to the MF and MTF, which measure 
the larger fecal group. The authors (Griffith et al.,2006) concluded that the three methods 
investigated had comparable results in terms of sensitivity, specificity, and recovery of 
FIB. 
Another study by Noble et al., (2004) on the presence of total coliforms, fecal 
coliforms, E. coli, and enterococci using MF, MTF, and CS in stormwater, found that CS 
methods generally produce comparable results to MF and MTF methods, although there 
was a wide range of indicator bacteria densities in samples that were collected during a 
high stormwater runoff. Noble et al., (2004) noted there was 90% agreement between CS 
methods and either MF or MTF methods in regard to whether the California’s Beach 
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Water Quality Standards for recreational water were met or exceeded for all indicator 
bacteria investigated in their study. 
However, other studies (Eckner 1998; Elmund et al., 1999; Ferguson et al., 2005) 
have found inconsistencies between the IDEXX methods and the standard methods. For 
example, Eckner (1998) compared the Swedish standard methods (MTF, and MF) to 
Colilert and Enterolert tests for detection of waterborne coliform bacteria, E. coli, and 
enterococci. According to his study, Colilert was more sensitive than the Swedish 
standard methods for detecting coliform bacteria in drinking water, and of equal 
sensitivity for detecting E. coli in drinking water, and in bathing water samples. He also 
observed that the Enterolert test was of higher sensitivity in detecting enterococci in 
bathing water samples. Eckner (1998) concluded that the performance of the Colilert and 
Enterolert methods were statistically as good, if not superior to, the reference Swedish 
methods for determining numbers of E. coli and enterococci in bathing water. 
Another study (Elmund et al., 1999) compared E. coli, and fecal coliforms in 
wastewater treatment facilities. The authors concluded the IDEXX Quanti-Tray technique 
with 4-methylumbelliferyl-𝛽-glucuronide-based Colilert media was an effective method 
for quantifying E. coli and total coliforms in wastewater, compared to the filtration 
method. They concluded that, the Quanti-Tray technique did not experience the 
difficulties associated with particulate matter in water samples. 
Another study (Ferguson et al., 2005) compared the selectivity of USEPA Method 
1600, to that of the Enterolert test in both marine water and wastewater. Ferguson et al., 
(2005) noted Enterolert test had a slightly higher detection of non-Enterococcus species 
(8.4%) than for USEPA Method 1600 (5.1%). Additionally, the Enterolert test produced 
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higher percentages of non-Enterococcus organisms in both waters. The authors (Ferguson 
et al., 2005), concluded that the two methods produced different results due to differences 
attributable to the selectivity of certain species within the Enterococcus group. 
Differences in recovery of FIB by both the USEPA method 1600, and Enterolert test have 
been attributed to differences in the combinations of growth-controlling substrates in 
these media. The USEPA Method 1600 is based on solid Enterococcus indoxyl-𝛽-D-
glucoside (mEI) agar, while the IDEXX Enterolert test is based on a liquid broth culture 
containing enterococci-metabolizing 4-methylumbelliferone-𝛽-D-glucoside. Differences 
in the media have been associated with selectivity of enterococci species, as well as 
detection of non-Enterococcus bacteria (Ferguson et al., 2005, 2013). This is because in 
liquid media, the faster growing bacteria can outgrow their slower counterparts, while the 
bacteria growing on agar media are spatially separated, leading to less opportunity for 
competition. 
 
Fecal Indicator Bacteria (FIB) 
Based on several epidemiological studies (Cabelli, 1983; USEPA, 1986; Corbett 
et al., 1993; USEPA, 2000), the USEPA (2000) recommended the use of E. coli and 
Enterococcus for assessment of marine and freshwater microbiological quality, and the 
presence of potential pathogens. The USEPA recommendation was based on the fact that 
finding these organisms in water is directly related to the risk of contracting waterborne 
diseases, and that people who swim in fecal-contaminated waters have increased risks of 
contracting gastrointestinal disease, respiratory, ear, eye, and skin infections, meningitis, 
and hepatitis. Although the FIB are not causative agents of illnesses, their presence in 
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either fresh or marine water indicate the presence of potential pathogens and fecal 
contamination because they are natural inhabitants of the gastrointestinal tracts of most 
endothermic animals (Boubetra et al., 2011; Noble et al., 2003; Wang and Fiessel, 2008). 
The following microorganisms are recommended as indicators of fecal 
contamination in water: Fecal coliforms, intestinal nematode eggs, Escherichia coli, and 
coliform, because they fulfil the criteria of ideal microbial indicators (Cherry et al., 
1972). For an organism to be selected as an ideal microbial indicator it must meet the 
following criteria: universally present in larger numbers than the pathogens in the feces 
of humans and endothermic animals, readily detected by simple methods, always present 
when pathogens are present, should not grow in natural waters under normal conditions, 
and shows increased resistance to disinfectants compared to waterborne pathogens.  
According to the USEPA-1986 criteria document, enterococci was recommended 
for use in monitoring microbiological quality of marine and fresh recreational water, 
while E. coli was recommended for use in fresh recreational waters. The recommended 
geometric mean for enterococci in fresh water is 33 enterococci colony forming units 
(CFU) per 100 mL, and 35 enterococci CFU per 100 mL in marine water. For fresh 
water, the recommended geometric mean of E. coli is 126 CFU per 100 ml. (USEPA, 
1986). In our study, we measured the concentration of two types of fecal indicator 
bacteria: E. coli and Enterococcus, as detected by the IDEXX methods and the USEPA 
methods 1600 and 1603. 
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Escherichia Coli 
Escherichia coli is a common inhabitant of the intestinal tract of endothermic 
animals (Allen., 2004; Aulenbach,2010; Boubetra et al., 2011). It is the only species of 
fecal coliform for which standardized data exists (Alonso et al., 1999) because fecal 
coliforms are not taxonomically defined, and therefore, not suitable as fecal indicators 
(Ciebin et al., 1995; Allen, 2004). Over 95 % of E. coli contain the enzyme 𝛽 -
glucuronidase (Rice et al., 1990), which is incorporated in the IDEXX Colilert test, to 
hydrolyze 4-methylumbeilliferyl-𝛽-D-glucuronide (MUG), causing a fluorescence as a 
confirmation for the presence of E. coli in the sample being tested (Edberg et al., 1988; 
Edberg and Edberg, 1988; Eckner, 1998; Elmund et al., 1999; Budnick et al., 2001; 
Yakub et al., 2002; Bohn and Broullard, 2011). 
Several studies (Rice et al., 1990; Prüss, 1998; Chao, 2006) have shown that E. 
coli is one of the best and most reliable bio-safety primary indicators for evaluating the 
acceptability of freshwater, and drinking water. As a result, E. coli is used as a surrogate 
to determine the reduction of pathogens, such as Salmonella, Cryptosporidium, Listeria, 
Campylobacter and enteroviruses in sludge. Escherichia coli is usually present in high 
numbers in sludge, and can therefore be used to demonstrate multiple log reductions 
through treatment processes (Eccles et al., 2004). 
 
Enterococcus 
Enterococci are Gram-positive facultative anaerobic bacteria, which occur 
universally in soil, on plants, in gastrointestinal tracts, as well as in the feces of 
endothermic animals (Domig, 2003). Since they occur in high numbers in the 
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gastrointestinal tracts of animals, their presence in water is an indication of fecal 
pollution and hence indicative of the possible presence of enteric pathogens (USEPA, 
1986, 2009). The USEPA (1986) recommended the use of Enterococcus for measuring 
the quality of recreational waters, based on studies which demonstrated that enterococci 
had a strong direct relationship to swimming-associated illnesses in both marine and fresh 
water. 
Unlike E. coli, enterococci are used as secondary indicators of fecal 
contamination instead of primary indicators because they are more resistant than E. coli 
to chlorination and other environmental stresses. Enterococci are known to cause urinary 
tract infections, and burn wounds (Domig,2003). Some enterococci species, such as 
Streptococcus faecalis, S. faecium, S. gallinarum, and S. avium also produce the enzyme, 
𝛽-glucosidase, which catalyzes the production of 4-methylumbelliferone at 41°C. 
Enterolert test incorporates 4-methylumbelliferyl-𝛽-D-glucoside as a defined-substrate 
nutrient indicator. Hydrolysis of 4-methylumbelliferyl-𝛽-D-glucoside by 𝛽-glucosidase in 
the enterococci cells, releases 4-methylumbelliferone which fluoresces under a 365nm 
UV lamp (Abbott et al., 1998; Yakub et al.,2002) indicating the presence of Enterococcus 
in the water sample being tested.    
In our current study, FIB in urban runoff and wastewater samples were identified 
using two USEPA approved methods: the IDEXX Quanti-Tray technique, based on the 
defined substrate technology, and the USEPA membrane filtration methods 1603 and 
1600. 
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Defined Substrate Technology (DST) 
This technology, also referred to as defined substrate methodology (DSM), is 
based on the organism’s ability to metabolize a chromogenic or fluorogenic substrate into 
a detectable end product (Yakub et al., 2002). Browne et al., (2010) noted that, 
chromogenic and fluorogenic substrates have successfully been used in microbiological 
media for the detection of coliforms for the last two decades. DST relies on specific 
hydrolysis of nutrient-indicator substrates for detection of fecal indicator bacteria, such as 
total coliforms, E. coli, and Enterococcus. In this methodology, a defined substrate 
provides nutrients for the target microbe. As the microbes digest the substrate, they 
release a chromogen, indicating either the absence or presence of the target microbes 
(Budnick et al., 2001). 
 
Advantages of Defined Substrate Technology  
Chromogenic substrate tests have several advantages over membrane filtration 
procedures (Budnick et al., 2001; Browne et al., 2010); Unlike the MTF and MF 
methods, which require the use of chemicals to eliminate non-targets, the DST does not 
provide nutrients for non-target microbes and therefore only target microbes, such as total 
coliforms, E. coli, and Enterococcus, can grow on the substrate (Edberg et al., 1988; 
Edberg and Edberg, 1988). The specific substrate eliminates competition from 
heterotrophic microbes that could easily lead to erroneous results. Since non-target 
microbes cannot grow and metabolize, due to lack of suitable nutrients for their growth 
(Edberg et al., 1988; Edberg and Edberg, 1988) there is no need for the additional 
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confirmatory tests, after a color change specific to the target microorganism has been 
observed (Boubetra et al., 2011) as is the case with traditional filtration methods. 
 Defined substrate technology is faster because it produces quantitative results 
within 24 hours, compared to an average of 48 hours for membrane filtration methods 
(Elmund et al., 1999; Buckalew et al., 2006) making it a time and labor efficient method 
for enumeration of FIB (Abbott et al., 1998; Eckner, 1998; Elmund et al., 1999; Yakub et 
al., 2002). This shortened analysis time is essential for public health officials to respond 
in cases of contamination in public drinking water, or water that is used for recreation. 
In our study, we used DST to determine the concentrations of FIB in urban runoff, 
stormwater, and tertiary-treated wastewater samples. The IDEXX Quanti-Tray tests used 
were the; Colilert test and the Enterolert test, both manufactured by the IDEXX Company 
(IDEXX Laboratories, Westbrook Maine, USA). On the other hand, the media that were 
used for the USEPA methods 1603, and 1600 were modified mTEC, and mEI, 
respectively (Hach Company Colorado, USA). Both Colilert and Enterolert provide a 
quantitative MPN result based on the presence or absence of yellow color for total 
coliforms, yellow and fluorescence for E. coil, and fluorescence for Enterococcus, in the 
97 individual wells of the Quanti-Tray2000, which are composed of large and small wells 
(Abbott et al., 1998; Budnick et al., 2001; Bohn and Broullard, 2011). Once positive 
small and large well results are obtained, they are correlated with the values on an MPN 
reference table provided by the IDEXX to obtain the actual number of microbes per 
100ml of sample. The USEPA methods provide results based on the development of 
colonies on the filter membrane which are then counted and expressed as CFU/100ml of 
sample (USEPA, 2002a, 2002b). 
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IDEXX Quanti-Tray Technique 
The IDEXX Colilert test was developed for the simultaneous enumeration of total 
coliforms, and E. coli in fresh and marine water samples within 24 hours, through 
specific hydrolysis of nutrient-indicator substrates (Edberg et al., 1988; Edberg and 
Edberg, 1988; Fricker and Fricker, 1996a, 1996b; Budnick et al., 2001; Yakub et al., 
2002). Colilert’s mode of activity is based on the 𝛽-D-galactosidase enzyme, used for 
lactose fermentation (Buckalew et al., 2006). The 𝛽-D-galactosidase enzyme is present in 
all total coliforms, and E. coli, and catalyzes the breakdown of ortho-nitrophenyl-𝛽-D-
galactopyranoside (ONPG) by both total coliforms and E. coli (Yakub et al., 2002). 
When total coliforms and E. coli hydrolyze ONPG, they release o-nitrophenol, a yellow-
colored product (Chao et al., 2004; Boubetra et al., 2011).   
Therefore, if a sample turns yellow after incubation, it is interpreted as positive 
for total coliforms, while a sample that remains colorless is regarded as negative for total 
coliforms. In addition to having the enzyme 𝛽-D-galactosidase, over 95 % of E. coli 
contain the enzyme 𝛽-glucuronidase (Rice et al., 1990) which can hydrolyze the substrate 
4-methyl-umbilliferyl-𝛽-D-glucuronide (MUG), in the IDEXX Colilert to form the 4-
methylumbelliferone product that fluoresces under long wavelength (365 nm) UV light 
(Chao et al., 2004). Due to the presence of two different enzymes in E. coli, a positive 
sample for E. coli is indicated by both the yellow color and fluorescence (Elmund et al., 
1999; Budnick et al., 2001; Yakub et al., 2002; Boubetra et al., 2011).  
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On the other hand, IDEXX Laboratories also developed another defined substrate 
technology test, Enterolert, which tests for the detection of enterococci in water samples 
based on the activity of the enzyme 𝛽-glucosidase found in enterococci. Enterococcus 
can hydrolyze MUG to produce ethylumbelliferylone, when incubated at 41 ± 0.5°C for 
24 hours (Abbott et al., 1998; Eckner, 1998). The positive results for Enterococcus are 
based on fluorescence at 366 nm UV lamp. One advantage of both Colilert and Enterolert 
is that they are not affected by sample turbidity, especially when processing water 
samples containing high particulate content, which is usually difficult to process through 
membrane filters (Budnick et al., 1996; Eckner, 1998; USEPA, 2000). 
According to the procedure provided by the manufacturer for processing samples 
using the two IDEXX tests, Colilert or Enterolert is added to a measured volume of water 
sample in a sterile bottle, and the bottle shaken to dissolve the medium. Afterwards, the 
bottle contents are poured into the IDEXX Quanti-Trays, and heat-sealed though the 
Quanti-Tray sealer (IDEXX Laboratories, Inc. Maine USA). The sealed Colilert trays are 
then incubated for 24 hours at 35 ± 0.5°C, for detection of total coliforms and E. coli, 
while the Enterolert trays are incubated at 41°C for detection of Enterococcus (IDEXX 
Laboratories, Inc. Maine USA).  
After incubation, fluorescent wells of each Colilert Quanti-Tray are counted in 
normal laboratory light setting to determine the positive wells for total coliforms, which 
are indicated by yellow color. To identify the positive wells for E. coli, the Colilert 
Quanti-trays are observed in a dark room under 365 nm wavelength UV light 
(Spectroline® spectronics corporation, Westbury, New York, USA). Any wells that are 
yellow and fluoresce under the UV light are interpreted as positive for E. coli. On the 
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other hand, the Enterolert Quanti-Tray/2000 wells are counted in a dark room under 365 
nm UV light to determine the positive fluorescing wells for Enterococcus. The number of 
positive wells is then converted into an MPN per 100 ml, according to the reference table 
provided by the manufacturer (IDEXX Laboratories, Inc. Maine USA). 
 
USEPA Membrane Filtration Methods 
Following the USEPA recommendations to use Enterococcus and E. coli as 
indicator organisms for assessment of recreational and fresh water quality (USEPA, 
1986, 2000), new media (mE Agar, and mTEC Agar) were developed for detection of 
enterococci and E. coli. Since their development, these two media have been modified 
into faster and easier versions for enumeration of Enterococcus and E. coli in ambient 
waters (USEPA, 2000).  
The latest modifications to these methods were the modified mEI Agar used in the 
USEPA method 1600 and modified mTEC Agar used in the USEPA method 1603 for 
detection of for Enterococcus, and for E. coli, respectively (USEPA, 1997; Messer and 
Dufour, 1998; USEPA, 2000). The improved methods 1603, and method 1600 offer more 
advantages than the former ones, such as rapid analysis within 24 hours, as compared to 
the 48 hours’ analysis by the former versions because they use a single step enumeration 
of the target organisms, since they do not require the transfer of the membrane filter from 
the primary isolation medium to another medium for confirmation of target 
microorganisms (USEPA, 1997, 2000, 2009). The improved versions of method 1600 
and 1603 use selective media which results in a better analytical quality (USEPA, 1997; 
Messer and Dufour, 1998) due to elimination of competition by heterotrophic organisms. 
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The two modified membrane filter methods (USEPA method 1600, and USEPA 
method 1603) provide a direct count of Enterococcus and E. coli in water based on the 
development of colonies that grow on the surface of a membrane filter (Messer and 
Dufour, 1998; Budnick et al., 2001; USEPA, 2002a, 2009). Both the USEPA method 
1600, and the USEPA method 1603, are prone to similar interferences; in that water 
samples containing colloidal or suspended particulate materials can clog the membrane 
filter and prevent filtration, or cause spreading of bacterial colonies which could interfere 
with identification of target colonies (USEPA, 1997, 2002a, 2002b, 2009; Budnick et al., 
2001).   
With reference to these two methods, a water sample is filtered through a 0.45 μ-
pore-size membrane filter (Maine manufacturing, LLC) in triplicates. The membrane 
filter is then placed on a selective media, such as the membrane thermotolerant E. coli 
(mTEC) agar for the detection of E. coli and total coliforms, or the membrane 
Enterococcus indoxyl-𝛽-D-glucoside (mEI) agar for the detection of Enterococcus 
(USEPA, 1997, 2000, 2002a, 2002b). The mTEC agar plates are first incubated at 35 ± 
0.5°C for 2 hours in an incubator to resuscitate any injured or stressed bacteria. These 
mTEC plates are later transferred into a water bath, maintained at 44.5 ± 0.2 °C, for 22 
hours (USEPA, 2000). On the other hand, the mEI agar plates are incubated for 24 hours, 
at 41 ± 0.5°C for the enumeration of Enterococcus. After incubation, the colonies are 
counted using a magnification and fluorescent lamp to ensure maximum visibility of 
colonies (USEPA, 2002b). 
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USEPA Method 1600   
The USEPA method 1600, is based on a membrane filter (MF) procedure, and 
uses Membrane Enterococcus indoxyl-𝛽-D-glucoside (mEI) agar, for the detection and 
enumeration of the enterococci bacteria in recreational water (USEPA, 1997, 2002a). 
This method can also be used to detect enterococci in potable, fresh, estuarine, marine, 
and shellfish growing waters (USEPA, 2002a). Some studies (USEPA, 1997, 2002a) 
have found a direct relationship between the density of enterococci in recreational water 
and swimming-associated gastroenteritis. 
In this method, 𝛽-D-glucosidase-positive enterococci produce an insoluble indigo 
blue complex which diffuses into the surrounding media, forming a blue halo around the 
colony. Therefore, the identifying mark for the presence of Enterococcus in water 
samples is the formation of the blue halo around colonies that are greater than or equal to 
0.5 mm in diameter (USEPA, 1997, 2000, 2002a). The USEPA recommends that a 
minimum of three dilutions be analyzed to ensure that a countable plate of 20-60 
enterococci (USEPA, 1997, 2002a). After counting the colonies, the final results are 
calculated using the following general formula: 
enterococci/100 mL = [Number of enterococci colonies/ Volume of sample filtered (mL)] 
X 100 (USEPA, 1997, 2000, 2002a). 
 
USEPA Method 1603 
This method was developed by the USEPA in 1998 and was published as a 
standard method for testing water quality (Dufour et al., 1981; USEPA, 2000, 2002b) for 
the detection of E. coli in ambient waters and disinfected wastewaters. It is a single-step 
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method that uses modified mTEC agar (USEPA, 2002b). The modified mTEC medium 
contains a chromogen; 5-bromo-6-chloro-3- indoxyl- -glucuronide, which is catabolized 
to glucuronic acid and a red- or magenta-colored compound by E. coli using the enzyme 
𝛽-D -glucuronidase (USEPA, 2002b). The enzyme is detected by the use of chromogens 
or chlorogens and fluorogens- substrates that produce color and fluoresce, respectively, 
upon cleavage by the enzyme (Francy and Darner, 2000). As a result of this reaction, the 
target colonies on modified mTEC Agar are identified by their red color after incubation. 
The upper counting limit (UCL), for E. coli on mTEC agar, as proposed by the USEPA is 
20-80 colonies per filter (USEPA, 2002b). After counting the colonies, the final results 
are calculated using the following general formula as per the USEPA(2002b): 
E. coli/100 mL = [Number of E. coli colonies/ Volume of sample filtered (mL)] X 100 
 
Conclusion 
The Enterolert and Colilert tests are based on defined substrate technology. Both 
tests have been used to monitor fecal pollution of drinking water and recreational waters 
in significantly less time than membrane filtration procedures. There is limited data on 
the use of these tests to monitor fecal pollution in urban runoff. We will attempt to fill 
that gap by evaluating the IDEXX tests and comparing their efficiency to the standard 
USEPA membrane filtration methods USEPA methods 1603 and 1600, using urban 
runoff samples and wastewater samples. Since the IDEXX tests are less expensive, and 
less-labor intensive than the MF methods, they could be more useful for monitoring fecal 
pollution in both recycled urban runoff and wastewater, intended for non-potable uses 
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There are no studies that have compared the FIB growth efficiency of the IDEXX 
Quanti-Tray technique to the reference USEPA methods 1603, and 1600 in urban runoff. 
Our study will contribute to the increasing knowledge of the performance of the IDEXX 
Quanti-Tray by comparing its FIB growth efficiency to that of USEPA methods in raw 
stormwater, in treated urban runoff, and treated tertiary wastewater. Accurate recovery of 
FIB in both types of water is a critical step in determining the extent of treatment required 
for treated urban runoff and wastewater, and to assess the microbial quality of recycled 
runoff and tertiary wastewater before using these waters for non-potable uses. 
A major limitation to the use of the membrane filtration methods 1600 and 1603, 
is the clogging of the filtration membrane by solids when used with highly particulate 
matter (Eckner,1998; USEPA1997,20021,2002b). In 1998, Eckner compared the 
membrane filtration and MTF with the IDEXX Enterolert to enumerate E. coli and 
Enterococcus in bathing and drinking water samples. He observed that the use of 
Enterolert did not experience difficulties when filtering water that had high particulate 
matter, as was the case with the MF and MTF methods. Since stormwater, runoff, and 
wastewater are known to contain high particulate matter than drinking water (Eckner 
1998), we will use the IDEXX methods to enumerate FIB in stormwater, runoff, and 
wastewater and compare the FIB densities obtained by the IDEXX methods to those 
obtained by the USEPA methods 1600 and 1603, as way of counteracting the clogging 
problem associated with membrane filtration methods. 
A number of authors (Budnick et al., 1996, 2001; Abbott et al., 1998; Eckner, 
1998; Elmund et al., 1999) have associated the Enterolert and Colilert tests with several 
benefits that are crucial in water testing, such as sensitivity, specificity, faster results, less 
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labor, lower cost, and no non-coliform heterotrophic interference. However, the Quanti-
Trays/2000 are bigger than agar plate media used by the USEPA methods 1603, and 
1600, and therefore require more space in the laboratory incubator (Budnick et al., 2001) 
compared to the agar plates that are used with the USEPA methods 1600 and 1603. If the 
results of our study are in favor of the IDEXX’ methods, the advantages of these IDEXX 
methods could override the problem of storage during incubation. 
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CHAPTER TWO 
A COMPARATIVE MICROBIAL COMPOSITION ASSESSMENT OF 
STORMWATER, URBAN RUNOFF AND WASTEWATER 
 
Abstract 
The goal of this study was to compare two methods for assessment of fecal 
indicator bacteria (FIB) in urban runoff (n=96), stormwater (n=8), and wastewater 
(n=16). We quantified the densities and reductions of E. coli and Enterococcus, in raw 
stormwater, treated urban off from the Santa Monica Urban Runoff Recycling Facility 
(SMURRF) and wastewater from the Eastern Municipal Water District’s (EMWD) 
Moreno Valley water reclamation facility. We compared the overall FIB recovery 
efficiency by two varieties of USEPA-approved, culture-based laboratory methods in 
each type of water. The two types of methods were the IDEXX Quanti-Tray technique 
and the USEPA membrane filtration methods 1603 and 1600. All results showed the 
expected reduction of FIB densities across treatment processes. Among the raw influent 
water, the FIB in urban runoff had the lowest FIB density, followed by the stormwater, 
with the highest densities in the wastewater. We used the Wilcoxon signed rank test to 
compare recovery efficiency of the membrane methods versus the IDEXX methods. The 
IDEXX methods detected significantly higher levels in the raw stormwater, and in all 
treatment stages of tertiary-treated wastewater and of urban runoff, except in the raw 
urban runoff, where method 1603 detected a higher density. 
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Introduction 
Previous studies have evaluated the IDEXX Quanti-Tray technique for its ability 
to detect E. coli and Enterococcus bacteria in marine water, and fresh water (Fricker E. 
and Fricker C, 1996; Noble et al., 2004). However, there are limited data on the use of 
Quanti-Tray technique for detecting fecal indicator bacteria (FIB) in urban storm runoff 
(Bitton, 2005).  In addition, most studies have focused on the types and effects of 
microbes in raw and treated urban runoff, but there is no known published study that has 
characterized the extent of decrease in Enterococcus and E. coli densities in different 
treatment stages of urban runoff. The aim of our study is to characterize the densities of 
these two FIB groups before and after treatment by two types of treated urban runoff 
treatment systems as determined by two different types of USEPA-approved laboratory 
methods. The two types of methods were the IDEXX Quanti-Tray technique (Colilert and 
Enterolert) and the USEPA membrane filtration methods 1603 using modified mTEC 
media and 1600 using mEI media (HACH Company, Loveland, Colorado) for E. coli and 
Enterococcus, respectively. 
The FIB recovery efficiency by the IDEXX Quanti-Tray technique has been 
evaluated in fresh and marine water and compared to other standard methods such as the 
membrane tube fermentation (MTF) and membrane filtration (MF). Many authors 
(Fricker E. and Fricker C, 1996; Abbott et al., 1998; Noble et al., 2004; Griffith et al., 
2006) have not shown statistically significant difference between the IDEXX Quanti-
Tray technique and the membrane filtration methods. Other studies (Fricker E. and 
Fricker C, 1996; Abbott et al., 1998; Noble et al., 2004; Griffith et al., 2006) have found 
inconsistencies in the methods’ results, and concluded that the IDEXX Quanti-Tray 
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technique produces different results as compared to standard methods. We compared the 
performance of the IDEXX Quanti-Tray technique to the USEPA membrane filtration 
methods 1603 and 1600, in recovering FIB from urban runoff and wastewater; both 
important sources of treated urban runoff. The IDEXX Quanti-Tray method could 
represent a more cost and time efficient solution for water recycling facilities, because it 
is relatively simple, non-labor intensive and inexpensive as compared to the filtration 
methods, that are commonly used (Budnick et al., 1996). 
Although treated urban runoff represents alternate water sources (AWS) for non-
potable uses, there are limited standards and regulations for treated urban runoff reuse in 
California (Brown and Bay, 2005). To inform these standards, there needs to be an 
improved understanding of FIB densities in treated urban runoff. This will help define the 
potential FIB reductions that can be achieved through these systems and the efficiency in 
using alternative microbial methods to measure bacteria present in the two different types 
of recycled AWS. 
 The significance of this project is that it presents quantitative density of FIB in 
both raw and treated urban runoff, and in tertiary treated wastewater. The study could aid 
in evaluating the relative efficiency of alternative methods for monitoring FIB in these 
alternative water sources (AWS). Additionally, our study can be used to evaluate the 
effectiveness of the treatment process, and determine the extent to which AWS should be 
treated prior to being used for non-potable uses. The study also informs the feasibility of 
using a small decentralized municipal water treatment facility like the SMURRF to 
supply commercial buildings with treated urban runoff as an AWS. Lastly, the findings of 
this study could contribute to the development of standards on the county, state and/or 
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municipal levels, as there are currently limited state codes that regulate the storage, 
treatment and use of treated urban runoff (Bitton, 2005). 
 
Materials and Methods 
Sample Sites 
We collected urban runoff and wastewater samples from two different treatment 
facilities in Southern California. The team collected samples from similar treatment 
stages in an urban runoff facility in Santa Monica (SMURRF) and a contemporary 
wastewater treatment facility in Moreno Valley (EMWD) (Figure 1). We collected urban 
runoff at the SMURRF from the dry weather influent, the filtered and UV treated water, 
and the final chlorinated effluent (figure 2). Sampling sites at the EMWD included raw 
sewage influent, aerobic digestion, tertiary filter, and the final chlorinated secondary 
effluents as shown in figure 2. We tested the IDEXX Quanti-Tray methods and 
membrane filtration methods on all waters in this project. We collected urban runoff 
samples once every two months at the SMURRF site, while at the EMWD, we collected 
wastewater samples one time per week for one month in January 2017. 
The IDEXX Quanti-Tray methods and membrane filtration methods were tested 
on all waters in the project. Samples were collected once every two months at the 
SMURRF site, while at the EMWD, they were collected one time per week for one 
month in January 2017. 
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Figure 1.  A map showing the sampling location for urban runoff at the SMURRF, in Los 
Angeles County, and the sampling location for wastewater at the Moreno valley facility of 
the Eastern Municipal Water District at the Riverside County. 
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Figure 2.  Grab sample locations at the SMURRF and EMWD. The SMURRF receives 
82,100 gallons per day gallons per day (GD) of urban runoff, while the EMWD facility 
receives about 10.6 million gallons per day (MGD) of wastewater for recycling. 
 
 
Sampling Frequency 
All grab samples were taken at the SMURRF at 7:00 am and 1:00 pm over two 
consecutive days, every second month on Monday and Tuesday from August 2015 to 
October 2016.  These times represented two different user demands on the systems and 
different types dry weather urban runoff. The stormwater samples were collected during 
heavy rain events in Santa Monica from December 2014 to April 2016. The team allowed 
a first flush to pass and sampled the next day in the morning at 7:00 am, 10:00 am and 
1:00 pm. 
On the other hand, grab samples of both raw and tertiary treated wastewater were 
taken from a conventional wastewater treatment at the EMWD facility. The EMWD 
Perris Valley Regional Water Reclamation Facility was sampled for four weeks at 10:00 
am on Mondays in January of 2017.We compared the microbial composition in both 
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untreated urban runoff, stormwater, and in untreated wastewater. Additionally, we 
compared the FIB growth efficiency of the IDEXX versus the USEPA methods, in the 
corresponding treatment stages of treated urban runoff and tertiary wastewater. 
 
Sample Processing 
We collected samples, and immediately transported them to the Loma Linda 
University Environmental Microbiology Laboratory for processing within six hours. 
However, there were exceptions for days with heavy traffic or rain events that required 
filtering and some processing steps in the field. We used USEPA membrane filtration 
methods 1603 and 1600 and the IDEXX Quanti-Tray methods to process samples from 
both facilities. For all raw water, the samples were diluted using up to six 10-fold serial 
dilutions and processed in triplicate within 6 hours of collection. 
 
IDEXX Quanti-Tray Methods for E. coli and Enterococcus 
 Raw water samples were serial diluted to appropriate concentrations in phosphate 
buffered saline (PBS), and mixed with the Colilert or Enterolert test indicator media 
(IDEXX, Westbrook, ME, USA). The diluted sample in PBS was poured into a 100ml 
sterile bottle with the powder IDEXX media added. The bottle was shaken and poured 
into a Quanti-Tray/2000 tray, which was heat-sealed, and incubated at 35°C for 24 hours 
for Colilert and 41oC for 24 hours for Enterolert. After incubation, results were read using 
the 6–Watt, 365nm fluorescent UV lamp to indicate which wells were fluorescent and 
considered positive wells (Table1) (IDEXX, Westbrook, ME, USA; Yakub et al. 2002; 
Chao et al. 2004) 
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Table 1. The IDEXX method to interpret results in the Quanti-Trays for Colilert and 
Enterolert (IDEXX, ME, USA). 
 
 
Membrane Filtration Using the USEPA Method 1603 
We filtered both raw and diluted samples were through 0.47 mm, 0.45 μ pore-size 
membrane filters (Millipore, Temecula, CA) in triplicates. The filters were rolled onto 
modified mTEC medium (HACH company, CO) and incubated at 35°C for 2 hours in the 
inverted position (USEPA, 2000). After the 2 hours, the plates were put in a Whirl-Pak 
bag (Whirl Pak, Fort Atkinson, WI) and placed in a water-bath maintained at 44°C for 22 
hours. Escherichia coli colonies appeared on the modified mTEC medium as a red or 
magenta color (USEPA, 2000). A colony counter (Dark field Quebec colony counter, 
American Optical Corporation) was used give maximum visibility of colonies during the 
counting process. Results were reported if an average of 20-80 colonies were counted 
across triplicates (USEPA, 2002a). The average was then multiplied by the dilution 
number for a count in Colony forming units (CFU) per 100ml.  
 
Type of test Appearance Result interpretation 
Colilert 
Less yellow than the comparator Negative for  E. coli 
Yellow and fluorescence equal to 
or greater than the 
comparator 
Positive for E. coli 
Enterolert 
Lack of fluorescence Negative for Enterococcus 
Blue fluorescence Positive for Enterococcus 
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Membrane Filtration Using the USEPA Method 1600 
Similar procedures were used to determine plate counts of enterococci. Filter 
samples were rolled onto prepared mEI agar plates in triplicates and incubated at 41°C 
for 24 hours in the inverted position (Budnick et al., 1996; USEPA, 2002b). After 
incubation, any colony with a blue halo was considered positive for Enterococcus 
(USEPA, 2002b). Results were reported in the same manner as the mTEC, but for 
samples with an average of 20-60 colonies per plate. During the sample-processing, 100 
dilutions on raw wastewater and raw urban runoff was not routinely performed because 
the use of such dilution would have resulted in values that are above the detection limits 
of both the Quanti-Tray tests and the USEPA methods 1600 and 1603, due to the high 
bacterial levels. In contrast, for the chlorinated urban runoff, a 100 dilution was most 
preferred since lower dilutions often resulted in values that were below the detection 
limits of both methods. 
 All analyses were conducted using the SPSS software (IBM Corporation, U.S.A). 
An alpha level of 0.05 was used to determine statistical significance and non-parametric 
tests were used when normal distributions were not achieved. To describe the density of 
E. coli and Enterococcus in raw stormwater, and in each treatment stage of both urban 
runoff and tertiary treated wastewater, we generated geometric means of bacterial counts 
stratified by source of water. We used the Kruskal-Wallis test to compare the mean ranks 
across the treatment stages of both the urban runoff and tertiary wastewater in order to 
determine whether there was a reduction in FIB concentrations across the treatment 
process of both urban runoff and tertiary wastewater. Due to the presence of outliers and 
highly skewed distribution of the differences, the Wilcoxon signed rank test was used to 
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determine whether there was a statistically significant difference in the methods used to 
detect E. coli and Enterococcus, in urban runoff, stormwater and in tertiary treated 
wastewater.  
 
Results and Discussion 
We collected data from the normal operations of the SMURRF during 17 different 
trips with three additional trips to collect the stormwater runoff that normally flows into a 
canal, leading to the Pacific Ocean. The team compared this urban runoff to data from 
four different trips to a wastewater treatment facility. Table 2 shows the total number of 
samples collected from all of the locations. 
 
Table 2. Sample Types. 
 
 
Concentrations of FIB in Different Types of Water 
We compared the FIB densities in raw stormwater, raw wastewater, and in raw 
urban runoff. Among these three types of raw water, the FIB in the raw urban runoff had 
Sampling location Type of sample Number of samples 
SMURRF Dry-Urban Runoff 96 
Canal draining into ocean 
Wet-Weather Urban 
Runoff 
8 
EMWD facility Wastewater 16 
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the lowest FIB density, followed by the raw stormwater, with the highest densities in the 
raw wastewater as shown in the figure below (Figure 3). 
Figure 3.  Geometric mean concentrations of E. coli and Enterococcus in raw wastewater, 
raw stormwater, and in raw urban runoff. Results reported in CFU/100ml for methods 1603 
and 1600, and in MPN/100ml for Colilert and Enterolert. 
 
We also successfully measured the reduction of FIB across treatment stages in the 
SMURRF and EMWD facility. The SMURRF facility’s urban runoff was immediately 
reduced to non-detect levels of E. coli after being ultra-filtered and then chlorinated 
(Figure 4). In this study, USEPA method 1603 detected a significantly higher density of 
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E. coli than the IDEXX Colilert, in raw stormwater, as well as in all treatment stages of 
urban runoff at the SMURRF as shown in (figure4). 
However, the Enterococcus in urban runoff at the SMURRF was not reduced to 
non-detectable levels at the chlorination point (Figure 5). The observed levels of 
Enterococcus could have resulted from the storage tank, that had a built-up of biofilm, 
where the water is stored after chlorination as it awaits to be discharged for use. This 
observation is not unusual because several studies have observed that Enterococcus is 
capable of replicating in extra-enteric environments such as beach sands (Boehm and 
Sassoubre, 2014), and water containing kelp (Byappanahalli et al., 2003; Imamura et al., 
2011), and plankton (Mote et al., 2012) as well as in plants (Byappanahalli et al., 2003; 
Imamura et al., 2011) and on soils (Byappanahalli and Fujioka, 2004; Goto and Yan, 
2011).  
To improve on the quality of the treated urban runoff, the SMURRF was 
upgraded by replacing the micro filters with ultrafilters, at the ultrafiltration site of the 
plant. Additionally, the storage tank was cleaned up. Nevertheless, there was a gradual 
reduction of Enterococcus between the untreated stormwater, the untreated urban runoff 
and finally the ultra-filtered runoff. The IDEXX’s Enterolert detected a higher density of 
Enterococcus in both the raw stormwater and in all treatment stages of tertiary treated 
wastewater, as shown in (figure 5). 
The SMURRF was able to achieve a rapid reduction in FIB load because it is a 
different type of water with less solids and nutrients than a conventional urban 
wastewater stream. For this reason, the SMURRF plant achieves a 3-log reduction even 
before chlorination. 
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Figure 4.  Geometric mean concentrations of E. coli across treatment stages in SMURRF. 
Results reported in CFU/100ml for USEPA method 1603, and in MPN/100ml for Colilert.  
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Figure 5.  Geometric mean concentrations of Enterococcus across treatment stages in 
SMURRF. Results reported in CFU/100ml for USEPA method 1600, and in MPN/100ml 
for Enterolert.  
 
On the other hand, the EMWD facility gradually reduced the FIB load across 
treatment stages to the final finished chlorinated water where the densities for both E. coli 
and Enterococcus were non-detect (Figure 6 and figure 7).  This gradual reduction could 
be attributed to the high level of nutrients in raw wastewater. For the tertiary-treated 
wastewater, both Colilert and Enterolert detected higher densities of E. coli and 
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Enterococcus respectively as comparted to their counterpart USEPA methods 1603 and 
1600, in all treatment stages except in the final chlorinated stage, where there was no 
observable difference between the methods. 
 
 
Figure 6.  Geometric mean concentrations of E. coli across treatment stages in EMWD. 
Results reported in CFU/100ml for USEPA method 1603, and in MPN/100ml for Colilert.   
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Figure 7.  Geometric mean concentrations of Enterococcus across treatment stages in 
EMWD. Results reported in CFU/100ml for USEPA method 1600, and in MPN/100ml for 
Enterolert. 
 
Overall Recovery Efficiency of FIB Using the Two Types of Methods Across Urban 
Runoff, Wastewater and Stormwater 
The recovery efficiency of cultivable E. coli and Enterococcus was measured by 
membrane filtration and IDEXX methods across treatment stages. Results indicated that 
the IDEXX methods were able to detect a significant difference across two different 
types of water samples that have a mean concentration of only one order of magnitude 
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apart. We used non-parametric Wilcoxon signed rank tests on Table 3 to show that the 
only non-significant results were from the membrane filtration methods across the raw 
runoff and the raw stormwater. Table 4 shows a similar finding for wastewater with the 
IDEXX methods able to detect the mean differences with a higher resolution than the 
Membrane filtration methods. Results from Method 1603 showed a significant difference 
between the stages, whereas the Method 1600 post hoc tests did not show a significant 
difference across the treatment stages in the EMWD facility.  
 
Table 3. FIB mean concentration per 100ml in raw runoff, ultrafiltered runoff, chlorinated 
runoff processed in the SMURRF, and raw stormwater. The geometric means of bacterial 
counts are shown by treatment stage with a Kruskal-Wallis test for significance across the 
treatment processes.  
Method 
 
Raw runoff 
Mean 
Ultrafiltration 
Mean 
Chlorinated 
Mean 
stormwater 
Mean 
mTEC 9.34E+02 4.54E-01 2.08E-01 2.51E+03 
Colilert 4.93E+02 3.61E-01 2.25E-01 2.44E+03* 
mEI 4.55E+02 4.49E-01 2.00E-01 1.67E+03 
Enterolert 2.34E+03 1.25E+00 3.23E-01 6.75E+04* 
 
Kruskal-Wallis test was used to compare mean ranks across the treatment stages. Post-hoc 
tests with Bonferroni correction using an alpha cutoff of 0.0125 (0.05/4) found that the 
only non-significant difference of mean ranks was the mTEC and mEI’s mean difference 
from the Raw dry-weather water to the Raw wet-weather water. The IDEXX Quanti-Tray 
methods were significantly different across these two raw water sources and all other 
treatment stages. All other FIB methods were significantly different* across the four 
treatment stages.  
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Table 4. Fecal Indicator Bacteria mean concentration per 100ml in raw wastewater, pre-
filter treated wastewater, ultra-filtered wastewater and chlorinated-wastewater in the 
EMWD wastewater treatment plant. The geometric means of bacterial counts are shown 
by treatment stage with a Kruskal-Wallis test to test for significance across the treatment 
processes. 
Method 
 
Raw Sewage 
Mean 
Pre-filtration 
Mean 
Ultra-filtration 
Mean 
Chlorinated 
Mean 
mTEC 4.23E+03* 1.43E+01* 1.99E+00* 1.13E+00* 
Colilert 3.21E+05* 1.16E+03* 1.66E+01* 1.04E+00* 
mEI 2.13E+02 6.42E+00 1.99E+00 1.13E+00 
Enterolert 7.92E+04* 1.08E+02* 1.95E+01* 1.04E+00* 
 
Kruskal-Wallis test was used to compare mean ranks across the treatment stages. Post-hoc 
tests with Bonferroni correction using an alpha cutoff of 0.0125 (0.05/4) found all FIB 
methods significantly different* across the EMWD treatment stages except for the mEI 
method which did not detect a significance difference across several stages of the 
treatments. 
 
Growth Efficiency of FIB Using the Two Methods Within Treatment Stages 
We used paired comparison tests on identical results within each treatment stage. 
The data were not normally distributed, so we again used the Wilcoxon signed rank test 
was used for analyses. All situations, except for the method 1603 in the SMURRF raw 
urban runoff, showed that the IDEXX methods were superior in facilitating efficient FIB 
growth, even when appropriate dilutions were made. Method 1603 in Raw urban runoff 
from the SMURRF detected a significantly higher density of E. coli as compared to the 
Colilert, and the difference between these two methods was found to be statistically 
significant (p value = 0.0067). 
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We used the Median of Differences (MoD) to characterize the distance of the 
median between the two methods. We log transformed this MoD to have a comparable 
value that can be visualized in Figure 2 below. The Table 5 shows these data numerically 
and includes a column to state if the Membrane or IDEXX methods were superior for 
each type of sample. 
 
Figure 8.  The Log transformed Median of Differences shown across the two alternative 
water sources comparing USEPA method 1603 to the IDEXX Colilert. 
 
 
 
(6) (5) (4) (3) (2) (1) 0 1 2 3 4
SMURRF Dry Weather Raw
SMURRF Ultrafiltration
SMURRF Finished Chlorinated
SMURRF Wet Weather Raw
EMWD Raw Sewage
EMWD Pre-Filtration
EMWD Ultrafiltration
EMWD Finished Chlorinated
Log10 Median of Differences
mTEC (Membrane filtration)
Colilert (Quanti-Tray)
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Figure 9.  The Log transformed Median of Differences shown across the two alternative 
water sources comparing USEPA method 1600 to the IDEXX Enterolert. 
 
 
 
  
(6) (4) (2) 0 2 4
SMURRF Dry Weather Raw
SMURRF Ultrafiltration
SMURRF Finished Chlorinated
SMURRF Wet Weather Raw
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EMWD Ultrafiltration
EMWD Finished Chlorinated
Log10 Median of Differences
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mEI (Membrane filtration)
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Table 5.   A Wilcoxon signed rank test and Median of Differences shown across the three 
raw sources of water and the two final treated products. The membrane (i.e. mTEC and 
mEI) and Quanti-Tray (i.e. Colilert and Enterolert) were compared and the MoD given to 
assign significance to the paired comparison. 
 
All analyses were conducted using SAS version 9.4. An alpha level of 0.05 was used to 
determine significance.  *These results had an MOD of zero because of the high proportion 
of non-detects, de-validating the significance of p-values. 
  
Treatment Stage Statistic mTEC -  
Colilert 
Better 
Resolution 
mEI - 
Enterolert 
Better 
Resolution? 
SMURRF-Raw 
urban runoff 
  
Membrane 
 
Quanti-
Tray 
MoD 354 -1050 
Log10of MoD 2.55 3.02 
P-value 0.007 0.000 
SMURRF post- 
Chlorinated 
runoff 
  
* 
 
* 
MoD 0 0 
Log10 of 
MoD 
- - 
P-value . . 
SMURRF Raw 
stormwater 
N 14 
Membrane 
16 
Quanti-
Tray 
MoD 744 -61200 
Log10 of 
MoD 
2.87 4.79 
P-value 0.542 <0.0001 
EMWD Raw 
Sewage 
  
Quanti-Tray 
 
Quanti-
Tray 
MoD -344600 -40200 
Log10 of 
MoD 
5.54 4.60 
P-value 0.016 0.031 
EMWD post- 
Chlorinated 
wastewater 
  
* 
 
* 
MoD 0 0 
Log10 of 
MoD 
- - 
P-value . . 
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Conclusion 
There was a significant decrease in bacterial densities across the treatment process 
as detected by all the methods, in both the treated urban runoff and the tertiary 
wastewater. The SMURRF facility achieved a rapid reduction in FIB from urban runoff 
with fewer treatment steps, as compared to the gradual reduction observed in wastewater 
during multiple treatment steps at the EMWD facility. This observation could be 
attributed to the fact that the SMURRF influent represents a different type of treated 
urban runoff with less solids and nutrients than the conventional urban wastewater 
influent stream at EMWD. 
A Wilcoxon signed-rank test to compare the results from the USEPA method 
1603 versus the results obtained by the IDEXX’s Colilert, showed a statistically-
significant difference (p value =0.0067) in the methods’ ability to quantify E. coli only in 
the untreated urban runoff samples, where the USEPA method 1603 count of E. coli was 
significantly higher than the Colilert count of E. coli in SMURRF. There was no 
significant difference between the two E. coli methods in all the other treatment stages of 
SMURRF samples. On the other hand, the Wilcoxon signed-rank test demonstrated that 
there was a significant difference between USEPA method 1600, and Enterolert’s ability 
in quantifying Enterococcus in all treatment stages of the SMURRF, where Enterolert 
had a higher resolution than the USEPA method 1600, in all treatment stages of the 
wastewater. 
For the EMWD wastewater, a significant difference between USEPA method 
1603 and IDEXX’s Colilert in detecting E. coli was found in both the untreated 
wastewater (p value = 0.016), and the pre-filtration samples (p value = 0.016), where the 
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Colilert method detected higher counts of E. coli than the USEPA method 1603. 
However, on the wastewater samples, a significant difference between the USEPA 
method 1600 and Enterolert was found in all water samples except for the pre-filtration 
samples (p value = 0.219). 
The SMURRF was modified half way through the course of the study, to replace 
the micro-filters with ultra-filters in the ultrafiltration stage of treatment, as well as 
cleaning the storage tank where the treated urban runoff is stored before being discharged 
for use. Due to this upgrade, we suggest that high geometric mean of Enterococcus 
observed in figure 5, after the chlorinated stage could have resulted from the storage tank, 
which had a build-up of biofilm. 
Overall, the Quanti-Tray methods; Colilert and Enterolert, had a higher resolution 
in detecting FIB in all treatment stages and samples except for the SMURRF raw urban 
runoff. Previous studies (Fricker and Fricker, 1996; Eckner, 1998; Yakub et al., 2002) 
have elaborated on the benefits of using the IDEXX methods such as: the simultaneous 
analysis of total coliforms, and E. coli by Colilert, accuracy, faster results, less labor, lack 
of non-coliform-heterotrophic interference, lower cost, ease of use for turbid-water 
samples, and easier result interpretation. We therefore suggest that the IDEXX methods 
are more efficient for urban runoff testing, and should be considered as applicable 
alternatives to the USEPA methods 1603 and 1600.  
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CHAPTER THREE 
FUTURE RESEARCH AND EXPANDED CONCLUSION 
 
Future research 
Our study evaluated the IDEXX Quanti-Tray as a rapid alternate method for 
detection of FIB in recycled urban runoff and wastewater, compared with the USEPA 
filtration method. We found that the IDEXX methods were more efficient than the 
USEPA methods 1603 and 1600. However current studies (Haugland et al., 2005; Ferretti 
et al., 2011) have identified even faster methods than the IDEXX Quanti-Tray technique. 
For instance, the use of molecular microbial analysis techniques, such as the quantitative 
polymerase chain reaction (qPCR), is gaining popularity, due to its ability to produce 
results in as little as 3 hours or less (Haugland et al., 2005). Additionally, the qPCR 
provides accurate, precise, and sensitive estimates of Enterococcus spp. in marine waters. 
Given that both the IDEXX and the USEPA filtration methods provide results in 24 
hours, the longer sample-processing time can cause changes in water quality (Leecaster 
and Weisberg, 2001; Boehm et al., 2002), leading to erroneous results, which could 
endanger the health of recreational swimmers (Haugland et al., 2005). We therefore 
recommend that future studies focus on the use of molecular techniques, such as qPCR to 
evaluate and monitor the presence of FIB in recycled water. 
We did not provide specific information on the sources of FIB in urban runoff. 
Given that both E. coli and Enterococcus, originate from both animal and human sources, 
we recommend that future studies identify sources of FIB in both dry-weather and wet-
weather urban runoff through microbial source tracking techniques (MST). The MST 
techniques could improve our ability to identify and prioritize sources that have a high 
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likelihood of contributing pathogens to surface waters (Parker et al., 2010; Sauer et al., 
2011). In addition to quantifying the FIB densities, understanding the potential source of 
contamination may result in more effective mitigation strategies for microbial pollution 
from stormwater and wastewater (Sidhu et al., 2012). 
Future studies should incorporate more pathogen indicators besides E. coli and 
Enterococcus, in order to correlate the indicators with the relevant pathogens, since some 
studies have noted that viral and protozoan pathogens are often present in runoff, and 
they are often more persistent in the environment than indicator bacteria (Selvakumar and 
Borst, 2006) 
 Although E. coli is widely recommended as a definitive indictor of fecal 
pollution (Chao, 2006; Prüss, 1998; Rice et al., 1990; Tallon et al., 2005), it has some 
limitations:only a small group of E. coli strains causes diseases (Tallon et al., 2005). 
Secondly, studies have demonstrated the presence of E. coli in tropical natural water 
systems (Jimenez et al., 1989), and in paper-mill effluents (Gauthier and Archibald, 
2001), without a known source of fecal contamination, making it a less-suitable indicator 
of fecal pollution in natural tropical waters. Additionally, E. coli is not a suitable 
indicator of enteric pathogens, such as enteric viruses (Tallon et al., 2005), and protozoan 
(Leclerc et al., 2001). Due to these inadequacies, there is need to include more 
microorganisms, such as bacteriophages, and bacterial spores, to monitor water quality. 
Since the correlation of E. coli and Enterococcus to actual human contamination 
is questionable, our team is collaborating with the USEPA office of research, to conduct a 
parallel study of FIB in urban runoff that are associated with both animals and human 
using samples that were collected from SMURRF’s raw and chlorinated water during the 
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course of this study. The focus of this collaborative study is to detect molecular markers 
from Enterococcus, total Bacteroidales, clostridium perfigens, and Pseudomonas 
aeruginosa, as potential pathogens in the urban runoff. 
Another dimension to further this study would be to validate the presumptive 
results of Colilert versus 1603, and Enterolert versus 1600. This validation would 
determine the specificity and sensitivity of the IDEXX methods against the USEPA 
methods based on urban runoff, since other studies have already determined the 
sensitivity and specificity of IDEXX methods on drinking and bathing waters (Eckner, 
1998). Although such analysis is critical to evaluating the applicability of the IDEXX 
methods in monitoring FIB in recycled water, it was not within the scope of this study. 
Recycled water has several unique challenges, which should be addressed prior to 
its use as an alternative water source. Our team noted that the SMURRF recycled water 
had a slightly yellow color at the point of use of this water (the RAND facility), where it 
is used to flush restrooms and for lawn irrigation. A physical comparison of water 
coming out of the SMURRF’s chlorinated site, and at the point of use in the RAND 
facility showed that the water at the RAND facility had more yellowish color. We could 
not determine whether the color was originating from the storage tank at the SMURFF, 
which holds the chlorinated water before distribution, or whether it was from the 
distribution pipes within the RAND building. We therefore recommend further studies be 
done to establish the presence of any unnatural color in recycled water, in addition to 
other physical parameters, such as turbidity, pH, temperature, and conductivity, that were 
not explored in this study. 
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Another major challenge of using recycled urban runoff or wastewater is the 
presence of opportunistic pathogens that are associated with recycled water. One of the 
epidemiologically-significant pathogens typically found in recycled water is Legionella 
pneumophila, commonly associated with amoeba. Researchers (Engelhart et al., 2008) 
have reported the intrusion of Legionella into recycled water systems, such as; hospital-
cooling towers, mist humidifiers in neonatal nursery units (Yiallouros et al., 2013), and 
community water distribution systems (Cohn et al., 2015). Since the recycled waters 
sampled in this study are used for irrigation and cooling of towers, it would benefit 
consumers, to test these waters for the presence of pathogenic aerosols. 
Future studies should focus on evaluating the health risks of exposure to 
inhalation of aerosols in reclaimed water. A study that correlated the typical uses of 
recycled water with the potential for each use to generate aerosols, found that irrigation 
of lawns and farms with recycled water generated that highest percentage of aerosols, 
followed by the use of recycled water for cooling towers (Jjemba et al., 2015). Evaluation 
of risk exposure to aerosols in recycled water could be used to create a quantitative 
microbial risk assessment (QMRA) as a strategy to manage the risks associated with the 
use of recycled water (Hamilton et al., 2017). 
 
Expanded Conclusion 
This study was conducted between 2014 and 2017, to evaluate the efficacy of FIB 
growth between the IDEXX Quanti-Tray methods and the standard USEPA membrane 
filtration methods 1603 and 1600. We successfully achieved our two objectives: (i) to 
evaluate the FIB concentrations and reduction across the treatment stages of urban runoff 
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and wastewater and (ii). To measure the efficiency of IDEXX methods versus USEPA 
methods 1603 and 1600. We observed that the IDEX methods were superior in all water 
samples except in the SMURRF’s raw water where the USEPA method 1603, using 
modified mTEC was superior. We encountered a situation where the mEI consistently 
resulted in non-detects for most of the wastewater samples, as compared to the 
counterpart Enterolert method. To remedy this situation, we recommend the use of either 
the Enterolert or other approved methods for evaluation of Enterococcus in wastewater. 
The discrepancy between the mEI and Enterolert methods warrants further 
investigation. Future studies should focus on determining the factors that might have led 
to failure of the mEI to identify FIB even in parallel samples where Enterolert identified 
reasonable numbers of FIB. Various studies have suggested the possible reasons for the 
failure of membrane filtration method: For instance, the use of poor-quality filters may 
have an adverse effect on counting, recovery, and bacterial colony morphology. 
Inaccurate counts could result from filtering of highly turbid samples, which accumulate 
solid particulate matter on the filter surface making colony identification difficult 
(Budnick et al., 2001, 1996; Eckner, 1998; USEPA, 2000).  
Another research (Tallon et al., 2005) noted that the false results could be caused 
by a number of reasons such as: uncultivable bacteria due to injury by treatment, 
disinfection or the time the bacteria spent in the distribution system, which could be 
addressed by a form of resuscitation before conducting the analyses. Presence of non-
target growth which masks the target bacteria, slower growth of some strains or slower 
enzyme production pattern that could result in non-detectable results within the standard 
reporting time are some other reasons that could affect the results of the method. 
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The IDEXX Colilert and Enterolert offer several benefits such as: the 
simultaneous analysis of total coliforms, and E. coli by Colilert, accuracy, faster results, 
less labor, lack of noncoliform-heterotrophic interference, and ease of result 
interpretation (Budnick et al., 1996; Edberg et al., 1988; Messer and Dufour, 1998). In 
addition to these advantages, our study results demonstrated that these methods were 
superior to the USEPA methods, and therefore we suggest that the IDEXX methods are 
more efficient for urban runoff testing, and should be considered as applicable 
alternatives to the standard methods (USEPA methods 1603 and 1600).  
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